We address the question of how the visual system analyses changes in direction. Using plaid stimuli, we define type O direction changes which entail a change in the orientations of the plaid components, and type V direction changes in which the orientations of the components remain constant, relative to the observer but their relative speeds change. Lower thresholds for discriminating type O and type V direction changes were compared. Type O thresholds for clockwise/anticlockwise direction change were very low (0.2-0.5°), were resistant to directional noise, and showed a low-pass relationship with drift velocity. Type V thresholds on the other hand were higher (1-5°), and exhibited a bandpass relationship with drift velocity. Type O direction changes gave low thresholds at short inter-stimulus intervals (ISI) ( B160 ms) and higher thresholds (successive orientation discrimination) at long ISI (240 ms-12.8 s). Type V thresholds, on the other hand, exhibited no short-range process and performance at short ISI, was no better than for successive direction discrimination at long ISI. A two-stage rotary motion model is sufficient to explain the discrimination of type O direction changes and results rule out a model based on velocity discrimination. For type V direction changes, a two-stage mechanism is insufficient and results are consistent with a minimum of three computational stages.
Introduction
Few moving objects in the real world follow straight trajectories and organisms require sensitivity to changes in direction. Moreover, the optic flow generated by a moving observer in a structured world generates curvilinear feature trajectories which contain information relevant to navigation and the three-dimensional layout of surfaces (Gibson, 1950) . However there have been few psychophysical studies of the human sensitivity to changes in direction. There are at least four cues (two static and two dynamic) that the visual system might use to analyse direction change.
(1) Static direction discrimination. The visual system compares the direction of motion at two discrete times.
(2) Static orientation discrimination. The visual system might compare the orientation of a moving object at two discrete times (static orientation discrimination). For an object such as an aircraft which moves in a direction consistent with its own shape, changes in the orientation of the object relative to the observer are correlated with changes in direction. Also, physical edges in the environment produce oriented image contours whose orientation may change over time for a moving observer (Koenderink, 1986) .
(3) Dynamic direction discrimination. The visual system could be sensitive to dynamic changes in direction over time: that is, if the visual system were sensitive to the differential of the velocity vector with respect to time. This is analogous to (successive) pure direction discrimination, but dynamic.
(4) Dynamic orientation discrimination. The visual system may register a change in orientation in a dynamic fashion. This is analogous to orientation discrimination, but dynamic. It is unnecessary for the stimulus to contain visibly oriented contours: a rotating random dot pattern will, for example, have oriented micropatterns (and Fourier components) which rotate, and we will argue (in Section 4) that dynamic orientation sensitivity is equivalent to the detection of curl.
In the present paper, we shall refer to direction changes which entail changes in velocity vectors over time, without underlying changes in orientation, as type V. Direction changes which entail changes in orientation, we term type O. It is possible to generate both type O and type V direction changes in plaid stimuli. There are two independent ways of producing a change in the direction of a coherent, moving plaid stimulus: by changing the orientations of the components (type O) or by changing the relative perpendicular velocities of the components (type V), whilst keeping their orientations constant. We intend, in this paper, to use plaid stimuli to compare sensitivities to type O and type V direction changes. A similar metric may be used in either case: direction change may be specified as the angular rotation q between initial and final directions of motion.
Use of plaid stimuli has revealed that the different grating component motions may be integrated to give a single coherent motion percept with a definite direction and speed (Adelson & Movshon, 1982; Welch, 1989; Welch & Bowne, 1990; Wilson & Kim, 1994) . Almost without exception, the motions studied have been translations in the fronto-parallel plane: but real-world motions cannot completely be analysed as translations (Koenderink & van Doorn, 1976; Koenderink 1986; Longuet-Higgins & Pradzny, 1980) . Thus there is a gap in knowledge about how sensitivity to relative motion is built up from simple motion detectors sensitive to spatiotemporal components.
The present work with plaid stimuli is an extension of previous work in which we examined the lower threshold of rotary motion in gratings. Wright and Gurney (1996) studied sensitivity to rotary motion in small (1-2°) fields, and showed that thresholds for the discrimination of clockwise versus anticlockwise step angular rotation of gratings are very low (0.2-0.5°a ngular rotation), and are independent of added translation over a specific range. This dynamic orientation sensitivity was a true motion sensitivity, and had much lower thresholds than those found for the simultaneous or successive discrimination of static orientations. Since the rotation sensitivity in Wright and Gurney (1996) was shown to depend upon short-range motion of oriented Fourier components, they argued that a minimum of two computational stages was sufficient.
Experiments by Gurney and Wright (1996b) supported a two-stage model for the analysis of pure rotation (curl) and expansion -contraction (di6) in peripheral viewing using larger (10°) fields. Using a clover leaf of four closely-packed circular apertures, they produced approximations to rotation and radial flow by linear drift of gratings and plaids within the apertures in appropriate directions. Gurney and Wright (1996b) found that detection and discrimination thresholds were similar for rotary and for radial flow, supporting the existence of specialised detectors (Watson and Robson, 1981) . Thresholds were determined by the grating component orientation in the apertures, not the plaid pattern direction, supporting the view that sensitivity to rotation is built up directly from the outputs of mechanisms sensitive to spatiotemporal components, rather than passing through an additional intermediate stage sensitive to pattern motion. Morrone, Burr and Vaina (1995) also provide evidence for two stages in the visual processing for radial and circular motion: a contrastlimited first stage of simple motion detectors, and a second integrative stage tuned to complex motion. The stimuli of Morrone et al. (1995) did not have a uniform local velocity but were a mixture of noise dots with dots moving in an expanding, rotating or translating pattern. The only coherent velocity that was seen was the velocity of expansion, rotation or translation of the pattern as a whole, implying, in agreement with the plaid studies, that the aperture problem does not have to be solved first for local velocity vectors; it can be solved for global rotation or expansion.
Direction change thresholds in plaid stimuli with constant orientation of components were first studied by Heeley and Buchanan-Smith (1994) . Plaids with symmetrical speed components (type 1) changed to plaids with asymmetrical speed components (type 1a), producing a change in direction. For the sake of brevity, we have introduced the term type V for stimuli which change direction in this way. Heeley and Buchanan-Smith (1994) found that thresholds were similar when the speed change was produced by a temporal frequency change or a spatial frequency change in the components, implicating a local encoding of speeds as the basis for discriminating direction change. They also found effects of inter-component angle and meridional anisotropy which could not be predicted from threshold for speed change of components, and concluded that performance was determined primarily by the pattern velocity rather than the component velocity.
If the visual system contains a dynamic mechanism which can analyse how velocity vectors change o6er time, then this should work with equal efficiency for type V and type O motions which contain identical changes in the pattern motion vector over time. On the other hand, if the discrimination of orientation change is accomplished by a dynamic mechanism comparing the outputs of directional mechanisms only o6er space, then the orientation-change stimulus should give superior performance. The purpose of the present experiments is to determine, using plaid stimuli, whether direction changes may be discriminated by a static or dynamic mechanism. Furthermore, if a dynamic mechanism can be demonstrated, it will be determined, whether the dynamic change can be computed in a minimum of two stages, like curl (Morrone et al., 1995; or whether it requires a minimum of three computational stages.
Methods

Design
The main dependent variable was the step angular rotation threshold, which was defined as the smallest angular rotation, U min , at which the subject could correctly determine whether a clockwise or anticlockwise change in direction had occurred. Within a block of trials, step angular rotations of different magnitude and sign were presented and a 75% threshold was determined using a method of constant stimuli (for further details see Section 2.5). The main hypotheses tested were: (1) that type O and type V step angular rotation thresholds (see Section 2.2) have different properties, and (2) that thresholds differ as a function of interstimulus interval (ISI) indicating differences between static and dynamic discrimination of direction change. The independent variables were phase shift or drift speed, and ISI.
Apparatus and stimuli
Patterns were generated by an Innisfree Picasso under microcomputer control via a CED 1708 interface and displayed on a Tektronix 608 monitor with a P31 phosphor. Each frame could be specified independently. No flicker was discernible as the frame rate was 200 Hz. Orientation was controlled by a 10-bit word giving an accuracy of 0.35°. The contrast and drift controls were calibrated using a linear photocell and the mean luminance of the display was 25 c/deg per m 2 . This was viewed through a circular aperture in a cardboard surround which was illuminated at 5 c/deg per m 2 in a diffusely-lit enclosure. The convention adopted for labelling orientation is that a vertical grating has zero orientation, and orientations are specified clockwise from zero. Directions of motion are not in general the same as orientations, and the convention here is that rightwards movement horizontally on the screen is zero direction, and direction is specified as the angle from zero (vertically upwards is 90°and vertically downwards is − 90°). The plaid appeared in a circular aperture which subtended 1°at 300 cm viewing distance and was surrounded by an annulus (inner diameter 1°, outer diameter 1.9°) of the same mean luminance. Each stimulus consisted of two successive fields each containing a plaid in a 200 ms (Experiment 2) or 400 ms (Experiments 1 and 3) rectangular temporal window, and the orientation and/or the drift speed or spatial phase of components was changed between the two successive windows. Pre-and post-stimulus fields were a uniform screen at mean luminance, and, in one experiment, an ISI, also consisting of a uniform screen at mean luminance was used. Unless otherwise indicated in the text, the plaids consisted of two components of 5 c/deg, with identical contrasts of 0.05. The inter-component angle was 90°. These plaids were always seen as coherent under the conditions of the experiment.
Type O and type V plaids
We use the Intersection of Constraints construction (IOC) here, to illustrate the difference between type O and type V direction changes. Note that the importance of IOC in this context is that it gives a correct physical description of the movement of a pattern in terms of the motion of its Fourier components; it should not be taken here to imply a particular psychological or physiological account.
The stimulus in Experiment 1 and 3 was a strongly coherent plaid pattern drifting in the IOC direction in each of two equal time intervals of 400 ms. Between intervals, the direction of the motion was changed. This change in direction was produced in one of two ways. In type O, the orientations of both plaid components were changed by the same small amount. The speeds of the components were kept the same. This is illustrated in Fig. 1A which shows the IOC construction for Fig. 1 . Stimuli used in Experiments 1 and 3 to determine threshold for direction change were two-interval drifting plaid stimuli with ISI = 0 s. Between Interval 1 and Interval 2, the plaid direction changes, and the subject must decide whether it has changed in a clockwise or anticlockwise sense. Stimuli were of two types: in type O step angular rotations (A), the component orientations were changed by the same amount, and the speed was kept constant (plaid speed stays the same). In type V step angular rotations (B), component speeds are changed and orientations remain constant. Again, the plaid speed stays the same and the plaid direction and speed is matched to that of the corresponding type O rotation. interval 1 and interval 2. Note that there is no phase change, position change or ISI between interval 1 and 2: the plaid is seen to continue to drift smoothly, but in a direction which is rotated a little clockwise or anticlockwise. In type V, the component speeds are changed by the requisite amounts so that the resultant IOC vector is identical with that in type O (Fig. 1B) . However there is no change in the orientations of the components. Once again, the plaid is seen to drift smoothly, but in a direction which is rotated a little clockwise or anticlockwise from interval 1. The only difference from type O is that there is no change in orientation of the components; the trajectory of a plaid blob or other pattern feature is identical in type O and type V. Note also that there is no shape change in the plaid or its blobs in either case. The relative angle between the plaid's components is the same in each case, and it is this which determines the blob shape. In all experiments, the plaids had an intercomponent angle of 90°. Type O step angular rotations used type 1 plaids (symmetrical component speeds), and type V step angular rotations imply a change from type 1 (symmetric) to type 1a (asymmetric) or vice versa. The stimulus in Experiment 2 was a stationary plaid, to which a step orientation change and a step spatial phase change were applied simultaneously between intervals 1 and 2. It thus represents a type O stimulus with zero drift rate.
Subjects
One of the authors (MW) and ten naive subjects who were unaware of the purpose of the experiments acted as observers: at least two subjects were used on every experiment. All subjects had normal (corrected or uncorrected) Snellen acuity, contrast sensitivity functions (assessed using a Cambridge Research Systems VSG, RG1 and Tektronix 608 oscilloscope, PSYCHO software, method of adjustment) and global stereopsis (assessed using random dot stereograms). Patterns were viewed binocularly with natural pupils.
Procedure
Step rotation thresholds were measured using a method of constant stimuli in a two-interval 2AFC (Experiment 2) or a single-interval 2AFC (Experiments 1 and 3) procedure. A set of nine instantaneous step rotations (expressed in degrees of rotation) was chosen representing clockwise and anticlockwise motion evenly and symmetrically disposed about zero. The intervals were chosen from pilot studies so that the extreme stimuli approximated to the 90% correct points. The 75% discrimination threshold was estimated by probit analysis from each set of trials. Subjects fixated the centre of the display, but complete accuracy of fixation was not critical. In the two-interval forced-choice procedure, the subject's task was to determine whether the first or the second temporal window contained a clockwise rotation. In the single-interval forced-choice procedure, the subject's task was to determine which of two opposite directions of rotation was present. On any given trial, step angular rotations were selected randomly and opposite motions occurred at random with equal probability. Also, initial orientations of each plaid component were randomised over the same set of orientations in all experiments. This was to prevent the static orientation of the plaid from providing an indication of the direction the plaid had rotated. A tone gave feedback of incorrect responses and allowed subjects to learn the task and reach the natural limit of their performance quickly. Each data point shows the mean and standard error of five separate determinations, each of 108 trials.
Results
Experiment 1: discrimination of changes in direction as a function of plaid drift speed
A change in direction of a moving stimulus can be expressed as an angular rotation away from the initial trajectory. The purpose of the first experiment was to measure the sensitivity of the visual system to instantaneous rotations of this kind. The task was to detect the sense of the direction change of the plaid, that is, to determine whether it had rotated clockwise or anticlockwise across the presentation interval. Rotation thresholds were measured as a function of the pattern drift speed of the plaid (i.e. the added common translation) for type O and type V step angular rotations. Thus there were two 400 ms frames each containing a drifting plaid, but the direction of the second plaid differed from that of the first by a small amount, as shown in Fig. 2 . Although the drift motions were perceptually continuous, the direction change was instantaneous, i.e. it occurred on a single frame of the display. For both type O and type V plaids, the initial orientation of the plaid was varied with a random offset (+ 0 -6°) to eliminate cues from the absolute direction of drift. The task for subjects was to determine whether the direction change of the plaid consisted of a clockwise or an anticlockwise rotation.
The results are shown in Fig. 3 . Thresholds for discriminating step angular rotation due to orientation change were four to ten times lower than those due to speed change. Thus the two methods of producing step angular rotation are not equivalent in their effects on thresholds. Further differences emerge in the shape of the functions. Type O step angular rotations give a low-pass function: essentially step angular rotations are detected best when the added translation is small, and there is no deterioration at moderate speeds either. It is only when higher speeds are added that performance begins to worsen. Rotation due to orientation change can be detected in the presence of added translation, where the translation is a continuous drift, over a considerable range of drift velocities. Type V step angular rotations give a bandpass function: step angular rotations are detected best at intermediate speeds, when those rotations are produced by changes in the relative speed of components. The shape of the function is the same as that obtained for speed discrimination in gratings and plaids (McKee, 1981; Welch, 1989; Welch & Bowne, 1990) supporting the view that step angular rotation discrimination in type V, but not type O, is based upon speed discrimination. In type O, step angular rotation discrimination must be limited by a more sensitive mechanism than speed discrimination.
Experiment 2: independence of type O step angular rotation discrimination thresholds for plaids from added directional noise
An interesting aspect of the results for the first experiment was that the thresholds for detecting type O direction changes were independent of the drift velocity over the lower range. This suggests that, at slow velocities, the detection of the rotational component of type O directional changes is independent of detection of the translational component. However, in Experiment 1, the added drift was consistent in its direction. Supposing the direction of translation were also randomised; would subjects still be able to detect orientation change independently from added translation? Furthermore, the crucial phase of the drifting stimuli is the few frames where direction changes; and the function relating direction change thresholds to drift speed in type O stimuli is low-pass, so similar results should be obtained with stimuli which are stationary before and after a step displacement. The subject's task, then, was to discriminate a clockwise from an anticlockwise rotation of a plaid, in the presence of translational noise in the form of a simultaneous shift in the spatial phase of both components. Independence of detection of rotation and translation was previously demonstrated for gratings by Wright and Gurney (1996) , who showed that orientation-change thresholds are tolerant of added common motion in the form of a phase shift or drift. The experiments reported here extend the finding to coherent type O plaids. It is not possible to produce an analogous experimental design for type V step angular rotation.
Angular thresholds for discriminating a step angular rotation in a two-frame stimulus with zero ISI were measured using a two-interval, two-alternative forced choice method. Simultaneous with the step angular rotation, each plaid component was translated through a phase angle or − (0B B 180°). The displacement of orientation and phase was between-frames (zero ISI). The task was to discriminate the clockwise or anticlockwise step rotation of the display indepen- Fig. 4 . Stimuli for Experiment 2 consisted of two rectangular temporal windows each containing a stationary plaid. Between frame 1 and frame 2, a simultaneous step rotation (equal in both components) and step phase shift (equal in magnitude for both components, positive or negative in sign) was applied. The figure illustrates the effect of adding a pure displacement (middle) to a pure rotation (top) on the velocity vector field. It is equivalent to a displacement of the centre of rotation. dent of the associated translation or phase shift. As Fig.  4 shows, the added displacement changes the centre of rotation of the display. The change in the centre of rotation is given by d= /tan U where is the added phase shift and U is the angular change in component orientation. The effect of the associated phase shift was to shift the centre of rotation of the display towards a randomly-chosen quadrant, on every trial.
The step angular rotation threshold U min is plotted as a function of the absolute magnitude (phase angle) of added translation in Fig. 5 . The function is relatively flat up to 90°, then has a gradient up to 180°.
The solution of the angular rotation discrimination cannot be based upon discrimination of the local direction of motion of any one part of the plaid since this was randomised. For a 5 c/deg plaid of this size (1°F ig. 5.
Step rotation thresholds for discriminating clockwise from anticlockwise type O rotation of a plaid are shown as a function of the phase angle of a simultaneous phase displacement of each component. The plaid was stationary within each frame. The direction of the phase displacement varied randomly from trial to trial, so that there were four randomly occurring directions of displacement for the plaid as a whole. The spatial frequency of the plaid's components was 5 c/deg, the mean orientation was + 45°from vertical and their individual contrast was 0.05, (a) subject MW (b) subject SB. diameter) small step angular rotations can be detected by both subjects (MW, U min =0.3°; SB, U min =0.9°) in the presence of a 90°phase shift (F =0.2°). The displacements produced at the plaid component ends by these orientation changes are MW 18.8 arc s and SB 56.5 arc s. The displacements due to the phase shift are thus more than an order of magnitude larger ( 9 720 arc s), so, to detect a step angular rotation, discrimination of the direction of displacement in one part of the display is insufficient: integration must be occurring over some significant area of the stimulus. At SB's U min , the centre of rotation of the plaid is located outside the display for any lateral shift greater than 20°o f phase. The results show that judgments of orientation change are independent of substantial changes in the centre of rotation, confirming the earlier result using a grating . Moreover, randomisation of displacement direction does not impair discrimination of step rotations.
Experiment 3: rotation thresholds for type O and type V plaids as a function of ISI
It would be trivial if the difference in type O and type V results were simply due to the additional cue of static orientation discrimination in type O stimuli. Experiment 3 was thus designed to distinguish between dynamic sensitivity and sequential comparison of directions or orientations for both types of direction change. The stimuli are depicted in Fig. 6 . There are two fields containing drifting plaids, as in Experiment 1, each appearing in a rectangular temporal window of 400 ms. The two plaid fields are separated by a blank ISI of variable duration, at mean luminance.
Thresholds were measured as a function of ISI using Type O and type V step angular rotations as employed in Experiment 1 and described in Section 2. The drift speed was held constant at 2 deg/s, whereas the ISI was varied between 5 ms to 12 s. There was a random orientation offset (+ 6 to − 6°) applied to both components in both frames, to eliminate cues from the absolute direction of drift. Because the experiments were very lengthy (due to the long ISI's), naive subjects were tested only on one set of 108 trials per data point, and data from five subjects was pooled to determine means and standard errors. The experienced subject (MW) carried out five determinations for each data point. The order of conditions was counterbalanced.
There was a marked difference in the results for type O (orientation change) and type V (speed change) stimuli (Fig. 7) . Consider first the results for type O plaids. For these stimuli it was found that at short ISI (below 128 ms), thresholds for type O were reduced. At longer ISI (256 ms to 12.8 s) the data points follow the linear trend. This result is identical with that previously obtained by Wright and Gurney (1996) using two-frame static gratings which change orientation. Thus type O drifting plaids, as well as static gratings, show evidence at short ISI's of a short-range process, giving low thresholds. The region of the curve below about 100 ms ISI is accompanied by a very salient percept of smooth motion along a curved trajectory, and the ISI field is not seen as a distinct field. It is straightforward to identify the direction of the turn as clockwise or anticlockwise. This supports a mechanism for short ISI based on dynamic orientation changes. At longer ISI's, thresholds are higher and the percept is one of successively compared directions of drift. Note that the axes in Fig. 7 are logarithmic, in order to encompass the wide range of ISI's employed, and that direction discrimination performance is intact at ISI's greater than 12 s. All these features of the data can be observed, and the corresponding subjective descriptions elicited, in individual data from naive subjects as well as in averaged data (Fig. 7A) and data from an experienced subject (Fig. 7B) . Now consider thresholds for type V; these, on the other hand, remained relatively constant. Thus at short ISI, discrimination of direction change due to orientation change is superior to that based on speed change. At long ISI, type O and type V thresholds are similar. Subjectively, the task does not change its character at short and long ISI's and seems to require attention to the direction of the plaid blobs. There is no region at short ISI where type V performance is better than the Fig. 6 . Stimuli for Experiment 3 are depicted. They consist, as in Experiment 1, of two rectangular intervals each containing a drifting plaid, but in this case, there is a blank ISI at mean luminance, of variable duration. Note that the initial direction of the plaid is randomly varied about horizontal. Fig. 7 . Clockwise/anticlockwise direction change thresholds for a drifting plaid are plotted as a function of the ISI between two frames each containing a drifting plaid. Rotation occurred between frames. The ISI field was a uniform screen at mean luminance. The mean direction was 40 96°anticlockwise from vertical. The determination was carried out for type O and type V step angular rotations (see Fig. 1 for explanation) . The continuous curves are the best-fitting linear regression lines (displayed on double logarithmic co-ordinates). At short ISIs in the type O condition data points fall below this line: but in the type V condition they do not. Contrast of each component =0.1, (a) mean of five naive subjects and (b) subject MW. linear trend; which indicates no specialised dynamic mechanism based upon speed changes.
Although the curves for type O and type V are more separated for the experienced observer than for the naive subjects, the same features are present in both sets of data: namely: for type O, data points fall below the linear trend for short intervals and for type V, they do not. The data for type O and type V converge at longer intervals, but earlier for the naive subjects. There is no reason a priori why type O and type V performance should be identical at long ISI. Although both tasks can be thought of as successive direction discrimination tasks, the type O task has an additional cue in terms of the orientation difference of the successive stimuli, and there may be differences in the extent to which the naive and experienced subjects made use of this cue. Thus, the common finding is the existence of a region of superior performance at short ISI for type O stimuli and its absence for type V stimuli.
This finding reinforces the conclusion of Experiment 1, that there is a special motion sensitivity for step direction changes, and this cannot be based on the comparison of pattern direction and speed information since the same velocity vector is produced by type O and type V stimuli. Only in type O stimuli is discrimination of step angular rotation based on a short-range motion detection process, and this may be sensitive to orientation change or velocity gradients, but it is distinct from orientation discrimination.
Discussion
Direction change and pattern change
The stimuli in Experiments 1 and 3 consist of two successive plaids, each undergoing uniform translation, with the direction of the second plaid changed from that of the first. At the instant of direction change, there is either a simultaneous pattern change consisting of a clockwise or anticlockwise rotation of the whole pattern (type O), or no pattern change (type V). We argue below that the differences observed in type O and type V direction change thresholds are due to the presence of a rotation of the spatial pattern in type O direction changes.
We shall set out first to establish the consistency of our previous work on type O rotations in gratings and the present results with type O plaids. Wright and Gurney (1996) showed that the threshold for detecting direction change in a drifting grating was independent of drift velocity at low speeds. In Experiment 1, the same result was shown for drifting type O plaids. Sensitivity to orientation change is highest at low drift speeds, in both gratings and plaids, it is low-pass, that is, it is approximately the same for a stationary grating as for a grating drifting at 0.5 deg/s or less compare Figs. 2 and 3b) . The same is true for type O plaids in the present study (compare Fig. 3 (drifting) and Fig. 5 (non-drifting) ). Moreover, the addition of a small linear displacement to a stationary grating or plaid undergoing a shift in orientation does not impair discrimination of the direction of rotation Fig. 1 ; present results, Experiment 2). Thus for type O gratings and plaids, there is no discontinuity in the threshold for detecting clockwise versus anticlockwise rotation for very low speeds or for stationary stimuli. We may conclude that sensitivity to direction change in type O drifting gratings and plaids is due to detection of the orientation change. Furthermore, the relevant cue is a true motion sensitivity, rather than discrimination of static orientations. Wright and Gurney (1996) found low thresholds (0.2-0.5°) for discriminating clockwise from anticlockwise displacement of a stationary grating. The curve of step angular rotation discrimination threshold against ISI showed two segments; at short ISI there was a sensitivity and the subjective appearance of motion (rotation), whereas at long ISI there was a higher threshold and the stimulus appeared as two successive gratings of different orientation. In the present study, an equivalent result is shown for drifting type O plaids, in Experiment 3. Wright and Gurney (1996) found that grating step angular rotation thresholds were resistant to motion noise in the form of added translation provided this was less than about 135°of phase. For 180°p hase shift, performance deteriorated to the level supported by orientation discrimination. A similar result was obtained in the present study, using plaids, in Experiment 2. The discrimination of direction change in type O plaids is optimum at short ISI and deteriorates at long ISI to a level equivalent to successive direction discrimination. Thus, thresholds for discriminating clockwise from anticlockwise rotation in plaids are close in value to those found in the previous study for gratings.
The type V stimuli in the present study are however not comparable with the stimuli in Wright and Gurney's (1996) study, for the simple reason that the pattern is identical pre-and post-the direction change; the orientation of the grating components does not change. Since, in the present study, type V stimuli do not exhibit a region of high sensitivity at short ISI, it follows that this region of high sensitivity must be based on the detection of the pattern change, which, in this case, is a change in the orientation of components.
Before we finally conclude that the heightened sensitivity to type O direction changes is due to the detection of the orientation change of gratings or plaid components, we must rule out another explanation, i.e. that any other pattern change, besides orientation change, would lead to increased sensitivity to direction change. There are three reasons for doing this, one logical and empirical. The logical reason is that no pattern changes, other than orientation changes are informative about the direction of rotation. One cannot have rotation in a stimulus with oriented structure, without changes in orientation, and the rotation of a stimulus, with no oriented structure (such as a perfectly smooth disc, or dynamic visual noise), would be invisible: the two are equivalent statements. The first empirical reason is that rotation of a typical dynamic visual noise display is itself invisible. The reader may readily confirm this by placing a de-tuned TV monitor, screen-upwards on a turntable, viewing the screen through an apertured square mirror at 45°, so that the dynamic noise may be physically rotated. The only coherent motions one sees are illusory ones uncorrelated with the physical rotation (Rose and Blake, 1998) .
Furthermore, Wright and Gurney (1996) studied rotation discrimination in gratings, and showed that if the spatial frequency was changed at the same time as orientation, dynamic rotation sensitivity was lost. Thus rotation discrimination is based on a local, Fourierbased motion sensitivity, and is quite distinct from the discrimination of stationary orientations. The latter shows no deterioration when spatially uncorrelated gratings are used. Thus, the second empirical reason for rejecting the view that a non-specific pattern change is responsible for the low type O thresholds, is that a type O direction change appears smooth and has a low threshold only when there is no non-specific pattern change. A non-specific pattern change, in this context, could be a change in spatial frequency or a phase shift approaching 180°, or a blank ISI. Conversely, for a type V stimulus, the preand post-direction change fields can be identical even to the extent that the orientations (as well as the spatial frequencies and phases) of the component gratings can be identical, but low thresholds are not obtained. The thresholds are higher than type O and are not differentially reduced by short ISI's.
Thus, we may conclude that the absence of a spatial frequency change or a \90°phase shift may be necessary for low thresholds (i.e. in type O), but it is not sufficient, since low thresholds are not found in type V stimuli with identical pre-and post-direction change patterns. As pattern discontinuities are not the key to direction change thresholds, we now turn to analysis of the velocity vector fields. Fig. 8 shows the velocity vector fields for the two types of stimulus in Experiment 1. For each type, plots (i) and (iii) show the fields during the first and second stimulus intervals, respectively (the change of direction has been exaggerated to 45°for the sake of clarity). Plots (ii) show, for each type, the velocity field during the inter-interval period. In the experimental stimulus, these would be calculated as the displacement between two frames divided by the inter-frame interval. Alternatively, we might imagine a continuously-generated stimulus so that plots (ii) show snapshots of the flow over the time interval during which the direction of drift is changing. For type O the inter-interval flow is obtained by adding a pure rotation about the display centre to a uniform drift. The result is a rotational field whose centre is displaced from the display centre. For type V the flow field is always uniform and simply changes over time by altering its direction. Since the first-order differentials of the velocity field (including curl) are taken over space, not over time, we can state that the type O rotation contains curl, but the type V rotation does not. The curl component of a type O rotation is 2 V throughout the field, where V is angular velocity of a rotating Fourier component.
Velocity 6ector fields for two types of rotation
The rotation in our type O stimuli occurs in a single Fig. 8 . Schematic velocity flow field for type O and type V direction change. In a type O field, as direction changes, there is an instantaneous vector field such that the displacement increases with distance from the centre of rotation. For type V stimuli, each field has a uniform velocity equal to the plaid drift velocity and there is no spatial variation in the velocity vector field, which changes direction over time.
step, between two successive frames (Fig. 9) . Thus, in our type O stimuli of Experiments 1 and 3 there is a curl component of 2U/5°per ms, where U is the lower threshold, since the inter-frame interval is 5 ms. If there are special detectors for curl, these will respond to type O but not to type V direction changes. The step threshold measured in type O stimuli can be thought of as a lower threshold for the discrimination of rotation sense (analogous to D min for direction discrimination). Fig. 9 shows that in a type O direction change, there is an additional cue which might support performance, namely the rotational component of the velocity vector field produced by the change in orientation of the plaid's components, and we thus propose that the lower thresholds (at short ISI) for type O and the low-pass response to added translation are due to the detection of curl.
Models of rotation sensiti6ity
There is general agreement that signals from motion detectors sensitive to direction of motion in the frontoparallel plane are combined and compared, and that such relative motion signals are important for the analysis of optic flow and object motion. In particular, the first-order differential structure of the optic flow field captures most of the information relevant to navigation in a terrestrial environment (Koenderink & van Doorn, 1976; Longuet-Higgins & Pradzny, 1980) . Whether or not the visual system actually makes use of the four first-order optic flow components (the curl, the divergence, and the two components of deformation) is an issue under current investigation (Te Pas, Kappers & Koenderink, 1997) . There are currently at least two general types of model for explaining sensitivity to rotary motion, and within each of these types of model there are several different instances. There is disagreement in the literature about the fundamental question of whether there are or are not specific hard-wired detectors which respond to the first-order differential components of optic flow. Since there is disagreement about this basic issue, it is perhaps premature to advocate a particular model of either class. We will argue that our data supports the existence of differential curl detectors, rather than a flexible, general purpose system that makes comparisons between velocities in designated areas of the visual field.
Psychophysical evidence for hard-wired visual mechanisms specific to expanding and rotating retinal flow patterns has been obtained using selective adaptation, (Regan & Beverley, 1978 interocular transfer of motion after-effects, (Steiner, Blake & Rose, 1994) masking visual search (Takeuchi, 1997) , spatial summation (Morrone et al., 1995) and motion assimilation (Ohtani, Taginawa & Ejima, 1998) . Several recent models (Orban, Lange, Verri, Raiguel, Xiao, Maes et al., 1992; Harris, Freeman & Williams, 1992; Perrone & Stone, 1994; Gurney & Wright, 1996b) require specific and orthogonal tunings to relative motion to be built up from direction-selective subunits. As the subunits themselves do not signal velocity, such models will be referred to as two-stage template-type models. They have computational significance because such receptive-field type models can orthogonally encode localised 2D convolution kernels for the set of six degrees of freedom of motion of arbitrarily textured surfaces (2D translation, dilation, rotation and the shear/deformations) (Eagleson & Pylyshyn, 1992) and they thereby provide a decomposition of optic flow into components with biological utility (Koenderink, 1986) .
The second general type of model proposes that specialised feature detectors for rotation, expansion/ contraction and deformation are not evident (Julesz & Hesse, 1970; Nakayama, 1981; Braddick & Holliday, 1991; Werkhoven & Koenderink, 1991) . These approaches generally explain sensitivity to relative motion in terms of pooling of responses across populations of local directional detectors. This assumption can account quantitatively for the detection of rotation and divergence in the presence of a translational component, without need for specialised detectors (Kappers, Te Pas, Koenderink & van Doorn, 1996) . A specific model for the determination of rotation sense on this basis has been proposed by Kappers et al. (1996) . It is assumed in their analysis, that the subject has sufficient knowledge of the centre of rotation of the display to select relevant areas of the display for comparison. When this is so, rotation may be detected by comparing the mean signals of the directional motion detectors in relevant halves of the display ( fig. 4 of Kappers et al., 1996) . Could the Kappers et al. (1996) model account for discrimination performance in our experiments? This is unlikely. In Experiment 2, the direction of motion of each plaid component is randomised on every trial by adding a random translation to each component. It follows that the centre of rotation of the display randomly moves about from trial to trial (see Fig. 4 ). Under such circumstances, there is no way of selecting in advance of the trial itself the relevant areas of the display for comparison of mean directions. The optimum boundary for discriminating directions would be a radius of the flow field, but if the boundary lay along a tangent to the stimulus flow field, the difference in average direction would be zero. Since the subject can detect the sense of rotation (clockwise or anticlockwise) independent of the centre of rotation, the strategy used cannot be one of pooling simple directions in any two fixed sectors of the display. The task could, of course, be solved if the subject were simultaneously able to compute mean direction across several diameters of the display. This multiple simultaneous comparison is not a serial, cognitive comparison, as in the Kappers et al. (1996) model, but the type of comparison that could be achieved automatically by a hard-wired detector or set of detectors. Another objection to the kind of scheme outlined by Kappers et al. (1996) is that there is no reason a priori why comparison of average velocity vectors over space should give lower thresholds than comparison of average velocity vectors over time, as was found in Experiments 1 and 3. A hard-wired curl detector would not be subject to these limitations. Comparisons between different sectors of the display could be carried out automatically and simultaneously all over the display. This automatic, parallel mode of operation implies that each curl detector has some sort of receptive field, with sub-fields composed of simple directional subunits. Summation between the sectors could be linear (Sekuler, 1992) , or it could be non-linear . The subunits could be sensitive to local velocity (three-stage model) or to spatio-temporal frequency and direction (two-stage model).
Independence between discrimination of plaid orientation change (type O) and discrimination of linear translations of arbitrary speed and direction could be accommodated by a template-type curl detector of the type proposed by a number of authors (Harris, Freeman & Williams, 1992; Orban, et al., 1992; Perrone & Stone, 1994; Gurney & Wright, 1996b) . The subunits of the detector are simple directional motion mechanisms: thus the mechanism as a whole will only to Fourier motion, and will be sensitive to rotary motion rather than static orientations. Note that stimulus size in our experiments is small (1-2°) thus the underlying mechanism could contribute to local structure-from-motion analysis, not simply the global analysis of optic flow.
Whether or not any of the existing models would quantitatively predict this present results would require a full simulation study. The stimuli used in the present study are strongly oriented, and it has been proposed that the detection of curl is accomplished by the detection of orientation change (Koenderink, 1986) . However, measurements indicate that the most sensitive directional mechanisms are tuned only broadly to orientation (Van den Berg, van de Grind & van Doorn, 1990; Anderson, Burr & Morrone, 1991; Scott-Samuel & Georgeson, 1996) . Directional motion mechanisms are less narrowly tuned to orientation than the non-directional mechanisms which mediate the analysis of contour and shape (Olzak & Thomas, 1992) . Is it necessary for directional subunits which detect type O rotation to be tuned to orientation at all? Our results suggest that for the optimum detection of step angular rotation, oriented subunits are required. Whether a coherent, visibly oriented structure is important for curl detection, or whether lower angular thresholds would be quantitatively predictable for rotating random dot patterns, will require further experimentation. However, we can conclude that our results are broadly consistent with hard-wired curl detectors containing directional quadrature subunits.
Velocity dependence of direction discrimination
Since direction changes in moving patterns entail differences in velocity, the discrimination of rotation sense might arguably be limited by velocity discrimination, for which Weber fractions in the range 5-10% are found in highly practised observers (McKee, 1981; McKee, Silverman & Nakayama, 1986) . From the geometry of IOC, it can be shown that the minimum type V threshold is equivalent to a velocity discrimination Weber fraction of 4.5% on each component for MW and 5.5% for AK: in other words, slightly better than the Weber fractions for individual components (Gurney & Wright, 1996a) . Suppose that the discrimination of rotation were accomplished by a mechanism which compares velocity vectors. In some sense, speed discrimination must be the basis for the discrimination of direction change in type V plaids, because the change in direction is produced by changing the speed of the plaid's components. If there were one such mechanism, then performance should be the same for type V and type O plaids. If type O plaids were limited by discriminating the most different velocity vectors in the display, then we would expect performance to be the same (or worse) than type V. However, performance is considerably better: the corresponding Weber fractions are 0.5% for MW and 1% for AK. These are completely implausible as Weber fractions for velocity discrimination and therefore a different mechanism must be in play in type O plaids. The idea that the discrimination of type V rotations is limited by velocity discrimination is broadly consistent with the conclusions of Heeley and Buchanan-Smith (1994) , but they noted that discrimination of direction change in type V plaid motion can be better than velocity discrimination performance with a single component. This is predicted where information from both components of a coherent plaid is combined efficiently in order to make the discrimination, for example, the lower threshold for detecting motion of a plaid can be at a plaid velocity where the component motions are individually below threshold (Wright & Gurney, 1992) . Discrimination of type V directional changes requires a minimum of three computational stages since it is based upon the comparison of velocity vectors, and velocities themselves require at least two computational stages (Adelson & Movshon, 1982) .
Discrimination of direction change in Type O stimuli is better than velocity discrimination performance, and does not depend on explicit extraction of velocities. It thus requires a minimum of two computational stages, since no intermediate extraction of velocity is necessary.
Type V motions, on the other hand, are defined by pattern motion, and discrimination performance fulfils none of the criteria for a hard-wired rotary motion detector.
Conclusions
Discrimination of direction change in type O stimuli is consistent with template-type curl detectors (Orban, et al., 1992; Harris et al., 1992; Perrone & Stone, 1994; Gurney & Wright, 1996b ) based on oriented spatio-temporal subunits: (Adelson & Bergen, 1985) . Results are not, however, consistent with the idea that the discrimination is an inference or judgment based on the velocity vectors in the stimulus. Rather, they suggest a direct route to the computation of step angular rotation from the output of directional subunits. Curl entails changes in orientation of image Fourier components, such that curl (type O)=2 V where V is the angular rotation (of a Fourier component) and for rotations which preserve orientation relative to the observer, curl (type V) = 0. The results for type V stimuli are consistent with a minimum of three computational stages which compute local velocity vectors and then compare them; the results for type O stimuli are consistent with a minimum of two computational stages such as could be implemented in a template-type detector with directional subfields.
